Particulate matter is associated with different human diseases affecting organs such as the respiratory and cardiovascular systems. Very small particles (nanoparticles) have been shown to be rapidly internalized into the body. Since the sites of internalization and the location of the detected particles are often far apart, a distribution via the blood stream must have occurred. Thus, endothelial cells, which line the inner surface of blood vessels, must have had direct contact with the particles. In this study we tested the effects of metallic nanoparticles (Co and Ni) on oxidative stress and proinflammatory response in human endothelial cells in vitro. Exposure to both nanoparticle types led to a concentration-dependent cytotoxic effect. However, the effects on oxidative stress and pro-inflammatory response differed dramatically. Due to the nanoparticle-induced effects, a comparison between metallic nanoparticle-and metal ion-treatment with the corresponding ions was made. Again, divergent effects of nanoparticles compared with the ions were observed, thus indicating differences in the signaling pathways induced by these compounds. These paradoxical responses to different metallic nanoparticles and ions demonstrate the complexity of nanoparticle-induced effects and suggest the need to design new strategies for nanoparticle toxicology.
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The human body is exposed to many types of particles during its lifetime. These particles can be of natural origin or they can develop as (by-)products of industrial processes, and technical or pharmaceutical engineering. These particles vary considerably in composition, size, shape, surface property and habitat. Depending on these characteristics, the internalization of particles and their dissemination within the body is variable and may take place by ingestion (from polluted food or food additives) (I), inhalation (smoking, diesel soot, medical aerosols), via the skin (e.g. cosmetics, pharmaceutics), implantation (e.g. wear from implants) (2) , and also injection (e.g. drug delivery and cancer therapy) (3) .
Particulate air pollution is associated with enhanced mortality from respiratory and cardiovascular diseases (4) . Among the most abundant air pollutants in urban areas is particulate matter with a mean diameter of~I0 urn. Particles with very low sizes (especially those with sizes below 100 nm, called ultrafine particles or nanoparticles) have been shown to induce more severe effects than larger particles (5) (6) . A trigger for this higher effectiveness is the surface area/volume-ratio, which increases exponentially with decreasing particle sizes leading to increased surface reactivity. This increased surface reactivity could lead to greater biological activity per given mass compared to larger particles, which in tum might have effects on, for example, the particle internalization into tissues, cells and organelles, toxicity, or the induction of oxidative stress (3, 7) . Oxidative stress describes a condition in which the generation of reactive oxygen species (ROS) exceeds the system's ROS-defense mechanisms. Oxidative stress affects many cellular functions by damaging nucleic acids, oxidizing proteins and causing lipid peroxidation. It has been well established that oxidative stress is associated with several human pathological conditions, including cancer, cardiovascular and autoimmune diseases (8) .
The internalization of nanoparticles into the body's tissues appears to be easy due to their minute size. This is shown by animal studies where inhaled nanoparticles were translocated into lung-associated lymph nodes and the brain (9-10). As the sites of internalization of nanoparticles (food, air, etc.) and the location of the detected particles are generally far apart, a distribution via the blood stream must have occurred. Thus, endothelial cells (EC), which line the inner surface of blood vessels, must have had direct contact with the particles. In animal experiments it was shown that inhaled particles could be detected within capillaries and EC (II) which could lead to systemic microvascular dysfunction and inflammation (12) .
EC are important in inflammation and wound healing. Upon pro-inflammatory stimulation adhesion molecules are expressed on the EC surface, thus mediating leukocyte attachment (e.g. E-selectin and intercellular adhesion molecule-l/ICAM-l). Furthermore, EC are able to release cytokines, such as interleukin-8 (lL-8, a key factor in neutrophil chemotaxis). The activation of IL-8, E-selectin and ICAM-l is regulated by the same transcription factors NF-KB (nuclear factor-xls) and AP-I (activator protein-I) (13) (14) (15) . These features contribute to the pro-inflammatory endothelial phenotype permitting the transmigration of leukocytes from the blood into the perivascular space. Both, NF-KB and AP-I are also known to be activated by oxidative stress (16) .
To date little is known about the effects of nanoparticles on EC functions. Therefore, the subject matter of this study was to test the effects of metallic nanoparticles on human EC in vitro. Metallic nanoparticles of Co and Ni were examined with respect to cellular internalization and their influence on cell viability, the induction of oxidative stress and a pro-inflammatory endothelial phenotype. Moreover, a comparison between metallic nanoparticle-and metal ion-treatment with the corresponding ions (Co 2 +, Ni2+) was made.
MATERIALS AND METHODS
AlI chemicals were obtained from Sigma (Germany) if not otherwise indicated.
Cell culture
Human dermal microvascular EC (HDMEC) were isolated from juvenile foreskin as described before (17) and cultured in Endothelial Cell Basal Medium MV (PromoCelI, Germany) supplemented with 15% fetal calf serum (Invitrogen, Germany), basic fibroblast growth factor (bFGF, 2.5 ng/ml), sodium heparin (10 ug/rnl), Penicillin/Streptomycin (10,000 units penicillin/ml, 10,000 ug streptomycin sulfate/ml, Invitrogen), cultivated in a humidified atmosphere at 37°C (5% CO 2 ) and used after four subcultivation steps.
Particles
The mean size of Co particles was 28 nm with 99.8% purity (Nanoamor, USA). The mean particle size of Ni particles was 62 nm with more than 99% purity (Nanoamor, USA). The particles were added to the celI culture medium and tested at three different concentrations (0.5, 5, and 50 ug/ml culture medium).
Transmission electron microscopy (TEM)
CelIs were seeded onto fibronectin-coated Thermanox coverslips (Nunc, Germany). Exposure to particles was performed two days after seeding (50 ug particles/ml). After 48 h incubation celIs were fixed in cacodylatebuffered glutaraldehyde (2.5 %) and embedded in Agar 100 (Plano, Germany). Ultrathin sections were made with the Ultracut E microtome (Leica, Germany) and stained with uranylacetate and lead citrate. TEM was performed with Phillips 410 EM (Phillips, Germany).
Quantification ofcell number by crystal violet
Crystal violet (N-hexamethylpararosaniline) is a basic dye, which stains cell nuclei (18) . Gillies et al. used this dye characteristic to develop a sensitive method of quantification of relative cell number (19) . The crystal violet assay was performed in a microplate format as described previously (20) . Endothelial cells built up a monolayer where the cells directly detach from the growth substrate during cell death. The presence of transition metal ions makes other cytotoxicity tests, like the LDHrelease assay that depend on a dye reaction, inoperative.
Quantification ofIL-8 and MCP-l release
Cells were seeded onto fibronectin-coated microtiter plates (11,000 cells/well), grown to confluence and exposed to particles (0.5, 5, and 50 ug/ml culture medium) and TNFa (tumor necrosis factor-a, 300 U/ml; pro-inflammatory control), respectively. Cell culture supernatantswere collected 24 h after substance or particle exposure. IL-8 in supernatants was assayed using human IL-8 immunoassay/ELISA (Hiss Diagnostics, Germany) according to the manufacturer's instructions. MCP-I (monocyte chemoattractant protein-I) in supernatants was quantified by an ELISA-kit from R&D Systems/Germany (human MCP-I DuoSet) according to the manufacturer's instructions.
Quantification oflCAM-l protein
This antigen is up-regulated in inflammatory-stimulated EC and can be detected by using an enzyme-linked immunoassay based on a peroxidase staining reaction and the subsequent dye quantification by a microplate reader. Therefore, cells were seeded onto fibronectin-coated 96well microtiter plates (11,000 cells/well) and grown to confluence. Afterwards cells were subjected to specific cell culture conditions (different particle-and metal ion concentrations and TNFa as a positive control, 300 U/ml) and cultivated for an additional 24 h. The cells were fixed with methanol/ethanol (2:1, 15 min, room temperature) and permeabilized with PBS-buffered 0.1% Triton X-100 (5 min, room temperature).
ICAM-I was detected with mouse-anti human ICAM-I-antibody (Bender MedSystems, Germany, monoclonal IgG I mouse antibody). The secondary antibody was a biotinylated goat-anti mouse-antibody (Amersham, Germany). Afterwards the streptavidin-horseradish peroxidase conjugate was added (Amersham). The staining reaction was performed by addition of the peroxidasesubstrate (o-phenylen-diamin-dihydrochloride, R&D-Systems) for 15 min at 37°C. The staining reaction was stopped with 3 M HC\. Light extinction was determined with a microtiter plate spectrophotometer (Thermo Lab Systems, Germany) at 492 nm.
Analysis ofreactiveoxygen species (ROS) by DCDHF-DA 2',7'-dichlorodihydrofluorescein diacetate (DCDHF-DA) is commonly used to detect the generation of ROS, since cellular internalization and oxidation lead to the development of a fluorescent product (2',7'dichlorofluorescein, DCF) (21). Therefore HDMEC were seeded onto fibronectin-coated 96-well microtiter plates (1l,000 cells/well) and grown to confluence. Before treatment HDMEC were incubated for 45 min with medium containing 100 11M DCDHF-DA (Alexis, Germany). Subsequently, the medium was changed and the cells were treated with the Co and Ni nanoparticles and the metal ion salts in different concentrations (mentioned in the text). In the following, the fluorescence of the cells was analyzed by a microplate fluorescence reader (Tecan) after 30 min, I h, 4 h and (partially) 24 h. The excitation of fluorescence was achieved with a 485 nm filter, emission was by 535 nm. Analysis took place by the XFluor4 software (Tecan).
Quantification ofreduced glutathione (GSH)
HDMEC were seeded in 24-well plates (100,000 cells/ well) and grown to confluence (after 2 days). The cells were then treated with the compounds (0.5 mM HP2 as positive control, 25 and 50 ug/ml Co and Ni particles, and 0.5 and I mM CoCI/NiCI 2 ) . After 24 h the cells were lysed with 100 III lysis-buffer/well for 10 min at room temperature while stirring (chilled lysis-buffer: 20 mM Tris-HCI, pH 7.5; 150 mM NaCI, I mM EDTA, I mM EGTA, 1% Triton X-IOO). The Iysates were centrifuged (4°C, 10 min, 15.000 g) and transferred into a 96-well-flat bottom-plate. Afterwards, glutathione transferase from equine liver (I U) and 0.1 mM monochlorobimane (Fluka, Germany) were added (solved in lysis-buffer, see above). Also standards for GSH were tested (5, 10,25 11M). All samples were incubated at 37°C for 30 min. The fluorescence was then analyzed by a microplate fluorescence reader (Tecan, Germany). The excitation of fluorescence was achieved with a 395 nrn filter, emission was by 485 nrn.Analysis took place by the XFluor4 software (Tecan). The glutathione amounts were normalized against the total protein amount. The protein quantitation was performed by the Bradford protein-assay (22).
Statistical analysis
All results are shown as means ± standard deviations (SO). Each individual experiment was done in triplicate. Statistical analysis was carried out with Microsoft excel software. According to the results ofvariance ratio analysis (F-test p<0.05) an unpaired t-test for either homoscedastic ofheteroscedastic variances was performed (p<0.05).
RESULTS

Particle internalization
Ultrastructural studies from perpendicular sections ofendothelial cell monolayers with TEM demonstrated that the cytoplasm of the untreated HDMEC possessed numerous vacuoles. Many vacuoles contained cellular debris, such as membrane materials, which was due to the autophagic function of these vacuoles (Fig. Ia , untreated control, arrowhead: autophagic vacuole, also called secondary lysosome). When HDMEC were exposed to Ni and Co nanoparticles, these compounds were internalized ( Fig. Ib: Ni particles, Fig. Ic/d : Co particles). The particles were localized within the cytoplasmic vacuoles, which partially contained additional cellular debris. Whereas internalized Ni nanoparticles were arranged in clusters (Fig. 1b,  arrow) , Co nanoparticles were arranged as annularshaped, optically interconnected formations (asterisks), which lined the inner surface of the vacuoles (Fig. Ic) and were partially distributed without contact with the vacuolar membrane (Fig. Id) .
The possible corrosion products of commercially pure Co and Ni nanoparticles are their ions (mainly divalent ions). Therefore, we compared the effects of the respective ions in concentrations that were equivalent to the molarity of the utilized particles (e.g . 50 ug Co particles per ml corresponded to 0.85 mM C0 2+, 25 ug/rnl corresponded to 0.42 mM and 10 ug/ml to 0.17 mM; the calculations depending on the assumption that pure Co and Ni particles were present and were therefore only an approximation). The treatment with high concentrations (I mM) of both, C0 2 + and Ni 2 + ions did not induce striking changes to the ultrastructure of EC ( induced a reduction of approximately 35% and the same concentration of Ni particles induced a more than 40% reduction of cell number. Interestingly, the exposure to the respective ions induced smaller interfere with the fluorescence development (data not shown). An indirect measure for persistent oxidative stress is the cellular depletion of reduced glutathione (GSH). GSH is part of a redox buffer that is converted to glutathione disulfide under oxidative conditions. 24 h exposure to Co particles and CoCl 2 induced a reduction ofGSH ( Fig . 3b ; both Co particle concentrations induced a similar reduction of more than 40%, CoCl 2 induced a reduction of about 30%). Also, both Ni compounds induced a distinct GSH depletion (Fig. 3b , reduction of about 40%).
Pro-inflammatory effects IL-8 release by EC was stimulated by a 24 h exposure to high amounts of Co and Ni nanoparticles (Fig. 4alb) . Whereas for Co nanoparticles only the highest concentration tested (50 ug/ml) induced an increase of about 40% in comparison to the positi ve control (Fig . 4a , positi ve control : TNFa-stimulated cells, set as 100%), Ni nanoparticles induced a concentration-dependent effect ( Fig. 4b ; 25 ug/ml led to an increase of about 15%; 50 ug/ml led to an increase of about 30%). Also, both ion species , Co2+ and Ni 2 +, induced a similar concentration-dependent IL-8 release (Fig . 4alb , 1 mM of C0 2+ induced an increase of approximately 55%, 1 mM of Ni 2 + induced an increase of approximately 50%).
The release of the pro-inflammatory chemokine MCP -1 by metalli c nanoparticles and their respective divalent ions was not as pronounced after 24 h. In fact, the exposure to Co nanoparticles and Co2+ ions induced a concentration-dependent increase (Fig . 4c) . However, the highest concentrations tested (i.e. 50 ug/ml for the nanoparticles and 1 mM C0 2 +) induced a slight increase of 15% for Co nanoparticles and of 20% increase for C0 2 + ions, respectively. Ni nanoparticles did not induce a consistent effect in MCP-1 release , in that nonsignificant, not concentration-dependent changes in the release of MCP-I were detectable (Fig. 4d ). Ni 2 + ions, in contrast, induced a concentration-dependent increase (Fig. 4d, 1 mM NiH induced a 20% increase in MCP-I release).
The exposure of Co nanoparticles to EC resulted in an increase of the pro-inflammatory adhesion molecule ICAM-I. Significant ICAM-I expression was detectable only at high Co particle amounts (i.e. 50 ug/ml, approx. 40% increase in comparison to the positive control) (Fig. 4e ). The highest C0 2 + ion concentrations (0.5 and 1 mM) induced a concentration-dependent increase in ICAM-l protein expression (approx. 50% of the positive control by 1 mM C02+) . In contrast to Co nanoparticles, Ni nanoparticles did not induce a significant increase in ICAM-l expression ( Fig. 4f ). Interestingly, Ni 2 + ions induced a similar increase in ICAM-l expression as C02+ ions (Fig. 4f ).
DISCUSSION
Particle internalization
Human EC possess the capacity for the internalization of nanoparticles (23-25). In this study we showed that the nanoparticles tested were taken up by the EC and stored primarily in vacuoles. It is known that EC are able to internalize particles by different mechanisms. A large portion of the EC population possesses a vesicular system that is called the vesiculo-vacuolar organelle (VVO) that other cells do not have with this specificity. The VVO together with specific invaginations of the plasma membrane, the caveolae are involved in the regulated transendothelial cell passage of macromolecules and particles (26). This method of particle internalization might be specific for EC, since such a distinct vacuole system exists primarily in EC. Particle internalization may also occur via specific receptors (e.g. low-density lipoprotein/LDL-receptor, plateletderived growth factor/PDGF-receptor, albuminreceptor) since nanoparticles covered with LDL (27), PDGF (28) , and bovine serum albumin (29) have been shown to be internalized by cells via coated pits/vesicles. This might be of relevance since it is assumed that nanoparticles distributed in the blood stream are covered by specific protein subsets dependent on the physicochemical characteristics of the particles (30, 31) . However, since the particle exposure in vitro was under static conditions, whereas the particle exposure in vivo is under floating and shear conditions, the way of particle internalization in vivo remains unclear.
Cytotoxicity and oxidative stress
Co and Ni nanoparticles induced a significant, concentration dependent impairment of cellular viability. In addition, we compared the effects of the nanoparticles with the effects of the metal ions C0 2 + and Ni 2 + (as chloride salts) in concentrations similar to the solid matter utilized. We observed that the particles exerted a higher cytotoxic effect than the corresponding ions. Thus, whereas a C0 2 + concentration of 1 mM induced a reduction in cell number of ca. 20% after 24 h, Co particles induced a cell number reduction of about 35% at a concentration of ca. 0.85 mM. These findings were in agreement with the results of a study on the cytotoxicity of Co nanoparticles and Co H ions in mouse fibroblast Balb/3T3 cells (32) .
At present we can only speculate about the higher cytotoxicity of transition metal nanoparticles compared to the corresponding metal ions. Severe prohlems may be due to the development of free radicals or ROS, which have been shown to be released by both transition metal ions (33) (34) and (nano-)particles (5, 35) . In addition, it has been shown that nanoparticles together with transition metals induce ROS production which exhibits a synergistic effect of nanoparticles together with transition metals (36) . Since the nanoparticles used in this study exhibit a combination of both of these characteristics, i.e. nano-scaled particles composed of transition metals, a similar synergistic mechanism can be suggested.
The results from the DCDHF-DA assay showed a significant development of ROS by Co compounds. The effects were more pronounced for Co particles than for C02+ ions and in contrast to C0 2 + ions, Co particles showed a concentration-dependent increase in ROS amount. The GSH levels after 24 h exposure to Co compounds reflected the induction of oxidative stress as shown by the DCDHF-DA assay: A reduction of 40% occurred for both particle concentrations and the C02+ treatment induced a reduction of the GSH content of about 30% for both concentrations. The intracellular depletion of GSH stores is a sign for persisting oxidative stress. GSH plays a critical role in maintaining the intracellular redox balance and regulating oxidative stress signaling pathways, thus protecting cells from many forms of stress. The depletion of GSH has been linked to the pathophysiology of many diseases (37) . The development of ROS by Co metal and C02+ ions in the presence of superoxide dismutase and endogenous chelators like GSH is by a Fentonlike reaction (38) (39) . Transfer of one electron to O 2 results in the production ofsuperoxide anion radicals, which can further give rise to the formation of other ROS (40) . Thus, the reactions of Co metals and Co ions are capable of generating a whole spectrum of reactive oxygen species (39) .
In contrast to the effects of Co compounds, both Ni compounds did not show any effect on DCF-fluorescence after 4 h. However, the GSH depletion of approximately 40% after 24 h Ni compound exposure compared to the untreated control indicated a persistent oxidative stress. At first, these contradictory results regarding ROSdevelopment with different detector molecules are surprising. However, first of all, another time frame is observed by the different detector molecules and, secondly, it is known that DCDHF-DA-oxidation can compete with enzymatic ROS decomposition, and GSH is also an alternative target for ROS instead of DCDHF-DA (41) . In conclusion, all compounds tested induced ROS-development. However, there is evidence that differences in the extent and characteristics occurred.
Pro-inflammatory activation
A pro-inflammatory effect in HDMEC occurred after exposure to both nanoparticle types. However, this pro-inflammatory induction was inconsistent in that a differential regulation of the tested proinflammatory factors occurred: I) an enhanced release of IL-8 induced by both nanoparticle types; 2) ICAM-I protein expression was enhanced by high amounts of Co particles, whereas Ni particles induced no distinct protein expression ofICAM-l; 3) a minor, concentration-dependent induction ofMCP-I release occurred after exposure to Co particles; Ni particles induced an inconsistent effect on MCP-I release. In contrast to the particles, C0 2 + and Ni 2 + ions induced the expression of all pro-inflammatory markers tested (i.e. IL-8, MCP-I, ICAM-I).
The observed pro-inflammatory activation after Co particle exposure may be attributed to a release of Co 2 ' ions by corrosion of the particles, since the exposure of EC to these ions leads to impaired endothelial viability and pro-inflammatory stimulation (42) . That C02 ions induce a concerted activation of the above mentioned transcription factors NF-KB and AP-I has been demonstrated (43) and the Co particles used in this study induced proinflammatory activation comparable to that of C02' IOns.
This contrasted with the effects of the Ni particles. Ni 2' ions induced an increase in the release of pro-inflammatory factors and the protein expression of endothelial cell adhesion molecules (i.e. ICAM-I), whereas Ni particles induced an increase in IL-8 release, without inducing a distinct expression of adhesion molecules. Thus, the possibility that Ni 2 + ion release by the particles resulted in an induced pro-inflammatory stimulation was not supported by the pro-inflammatory effects induced by the respective ions. This indicated an activation mechanism by Ni particles that deviated from Ni 2 + ion-induced activation shown to occur via a cooperation of the above-mentioned transcription factors NF-KB and AP-l (43). Such differential activation of IL-8 and ICAM-l was also shown by the treatment of endothelial and epithelial cells with HP2 (44) (45) . Whereas HP2 induced an IL-8 expression in epithelial cell lines without the expression ofICAM-l, EC expressed ICAM-I after Hp2-treatment without the expression ofIL-8. There is evidence that this cell type-specific, differential induction ofIL-8 gene expression by HP2 (and thus induced ROS) is by a differential binding ofNF-KB and AP-l to the IL-8 promoter (45) . Since oxidative stress is also a relevant aspect in the mechanisms of (Ni) particulate matter-induced effects (5) such a differential activation of pro-inflammatory gene promoters may occur (46) .
In conclusion this study shows that nanoparticles exert effects that deviate from those of possible corrosion products. However, whether the described effects shown in vitro are of relevance in vivo remains to be determined. Although much progress has been made within the last years to understand the effects of nanoparticles, knowledge about its risk in humans is limited. This limitation is due to the complexity of the chemical and physical characteristics of nanopartic1es in their interaction with the complex biology of human organisms. Thus, recent publications and the results of this study indicate that the toxicology of nanopartic1es has more facets than anticipated so far and thus may comprise a risk of unforeseen effects to human health.
